Particle size distributions measured by the UK C-130 aircraft in ice stratiform cloud around the British Isles are analysed. Probability distribution functions over large scales show that the zeroth, second and fourth moments (equivalent to concentration, ice water content and radar reflectivity) as well as mean particle size have monomodal distributions. Re-scaling of the size distributions requiring knowledge of two moments reveal a 'universal' distribution that has been fitted with analytically integrable functions. The existence of the 'universal' distribution implies that two moments microphysics schemes are adequate to represent particle size distributions. In large scale models it may be difficult to predict two moments so power laws between moments have been found as functions of in-cloud temperature. This means that a model capable of predicting ice water content and temperature can predict ice particle size distributions to use for calculations requiring knowledge of the size distribution (e.g. precipitation rate, radar reflectivity) or make direct use of the power laws relating moments of the size distribution.
1. Introduction the universal distribution. Westbrook et al. also show that the universal size distribution is expected to have an exponential tail. These scaling methods show that measured size distributions can be reduced to a single underlying 'universal' size distribution from which the original measured size distribution can be reconstituted given knowledge of two moments. In this work we show that the 'universal' size distribution is applicable for a wide range of ice PSD data, whereas previous work used droplet size distributions. We will give best fit curves to the universal distribution that are easily integrable and can be implemented in large scale models.
Ideally we would like to reduce the number of moments required to predict the PSD from two to one through the use of power laws that relate one moment to another as Liu and Illingworth (2000) and Hogan et al. (2004) have done. In these papers the authors relate radar reflectivity to measured ice water content with power laws that vary with in-cloud temperature. Here we will follow a similar procedure but we will just use the measured size distributions to generate moments and not make any assumptions about small particle contributions or density variations. In this way the user will be able to predict a PSD from the parametrization presented here and then apply any assumptions they care to make. However, to link these observations to modelling efforts a mapping from size to mass is required. There is empirical evidence (e.g. Locatelli and Hobbs 1974 , Brown and Francis 1995 , Heymsfield et al. 2004 ) as well as theoretical evidence from direct simulation of the aggregation process (Westbrook et al. 2004a,b) that aggregate ice crystal mass is proportional to the square of the particle size. In light of this we will assume that the second moment of the ice crystal size distribution is proportional to the ice water content (IWC) and use this as our reference moment. Numerous prefactors for the mass -size power law exist and it should be noted that they will vary based on the properties of the basic monomer crystals that form the larger aggregate. Thus, in this work we will investigate the moments of the PSDs so that the minimum number of assumptions about crystal properties are included in the analysis.
In the next section we outline the data and data analysis. In section 3 the observed probability distribution functions of moments of the measured PSDs are presented. Section 4 concerns the correlations between moments and introduces power laws to relate the second moment of the ice PSD to other moments. Re-scaling of the ice PSDs is shown in section 5 and a discussion and conclusions are given in section 6.
Data Analysis
The aircraft data were obtained from flights around the British Isles in cloud (Ns, As, Cs, Ci) associated with mid-latitude cyclonic depressions: 'frontal systems'. Table   1 is a list of flights used in this paper. On these flights the clouds were sampled with Particle Measuring Systems (PMS) 2D optical array probes (2D-C and 2D-P). The 2D-C and 2D-P probes have nominal size ranges of 25-800 and 200-6400µm, respectively.
The data are split into 10-s segments that have a median length of∼1.2 km with 90% of the segment sizes in the range 1.0-1.4 km. The data consists of ∼9000 10-s (∼1.2 km) segments of in-cloud data (where the 2D probe concentration of super-100µm particles
. PSDs that were deemed to consist of raindrops were also eliminated on the basis of shape analysis.
All of the 2D probe data were processed using software supplied by Sky Tech Research Inc. Details about the processing and image recognition algorithms can be found in Korolev (2003) .
Particles were rejected for the following reasons: i) aspect ratio of the particle is >8;
ii) particles were too long (>300 pixels) in the along flight direction (due to shedding);
iii) gaps in the image in the along flight direction; iv) particles that touched the edge of concentration (D>100microns) (Heymsfield et al. 2002) . The 2 represent the parametrization of λ suggested by Ryan (2000) . the array were termed partial and for this analysis have not been used. We decided not to reconstruct partial images because this required some assumptions about the geometry of the particles.
Image recognition was carried out on particles measured by the 2D-C only using the method described by Korolev and Sussman (2000) . For complete images that did not touch the edges of the array a particle needs to occult more than 20 pixels to be classified. Particles that touched the edges (Partial images) were classified if they contain more than 180 pixels. This latter classification allows the identification of large dendritic features.
For computation of the size distributions we have considered only particles that were complete and have used the maximum extent of the particles in the direction parallel to flight. We have repeated the analysis using the particle sizes defined by the perpendicular span and found no significant differences in the results. The ratio of the perpendicular to maximum span for ice crystal aggregates is expected to be ∼0.65 (Westbrook et al. 2004a, Korolev and Isaac 2003) . Given that the particles are sampled with random orientation, the particle size measured using a single direction to define the size will be on average 0.83 of the maximum span.
The combined 10-s size distributions used here have been produced by abutting the binwidth normalised size distrbutions from the 2D-C (100-475µm) and 2D-P (600-4400µm). These distributions have then been used to compute moments of the PSDs.
We have ignored particles smaller than 100µm as these are believed to be badly sampled by the 2D-C probe (Strapp et al. 2001) . We have made no attempt to estimate what the small particle contribution to the PSD is as this requires assumptions based on ice crystal concentration measurements provided by the PMS Forward Scattering Spectrometer Probe which almost certainly suffers from the effects of ice particle shattering on the probe housing that can lead to artificially enhanced concentrations ).
Occasionally, the large end of the size distribution can exhibit spurious counts in large size bins due to low sample rates that can adversely skew the computed moments of the distribution. To avoid this problem we have used an upper size limit of 4400 µm for the computation of moments from the PSDs.
Observed probability distribution function
We begin by surveying the range of the data contained presented in this study by considering the PSD moments obtained from the 10-s combined particle size distributions.
where D is a particle size parallel to the flight direction, N (D)dD is the concentration of particles with sizes between D and D + dD, N D is the particle concentration in the size bin with size D and n is the moment order. The characteristic or mean particle sizes are defined as (following Lee et al. (2004) ).
where i and j are the moment orders.
We have plotted histograms of various parameters from different temperature ranges (5C to -55C in 10C intervals). is the concentration for D > 100µm. Assuming ice particle mass is proportional to the square of the particle size means that M 2 is directly proportional to the ice water content (IWC) and because radar reflectivity for Rayleigh scattering is proportional to mass squared M 4 is directly proportional to the radar reflectivity (Z). It can be seen in these figures that the distributions are generally monomodal as Hogan and Illingworth (2003) 
also found when looking at radar data. The mean and standard deviation of the distributions were computed for the moments. The fractional standard deviation (FSD) defined as the quotient of the standard deviation and mean is given in each figure. The mean and FSD of M 0 (concentration for D> 100µm) shows no significant variation with temperature in agreement with observations reported by and Jeck (1998) that showed similar mean concentrations for super-100µm ice particles. This is significant because many ice nuclei parametrizations have increasing ice nuclei concentration with decreasing temperature as discussed by . The inference is that either the temperature dependence of ice nuclei concentration over large scales is incorrect or that physical processes such as diffusional growth, aggregation and secondary ice pro- 
n=moment order, Tc=in-cloud temperture (C) log 10 a(n, Tc) = a 1 + a 2 Tc + a 3 n + a 4 Tcn + a 5 T 2 c + a 6 n 2 + a 7 T 2 c n + a 8 Tcn 2 + a 9 T 3 c + a 10 n 3 b(n, Tc) (Heymsfield et al. 2002) . Ryan (2000) has also suggested a dependence of mean particle size on temperature based on examining aircraft observations from stratiform cloud and that too is overplotted in fig. 4 . For an exponential distribution of the form N (D) = N 0 exp(−λD) the mean particle size is given by L 23 =3/λ. There appears to be good agreement given the difference in cloud types and environments investigated. The match with the TRMM relationship is encouraging as it suggests that these observations may be applicable outside of the context of midlatitude stratiform cloud. Further evidence for a wider applicability of these results is the found in the study of Jeck (1998) that also shows an increase in maximum ice particle size as function of increasing temperature. The consistent variation of mean size with temperature requires explanation. Although a complete investigation of this relationship is outside the scope of this paper we suggest that a strong possibility is the dominance of the aggregation process in controlling the evolution of the ice PSD. For aggregation we would expect mean size to be related to depth below cloud top (e.g. Field 2000) .
But because frontal clouds have grossly similar height structures this may mean that, on average, in-cloud temperature is a good proxy for the depth below cloud top and hence time available for aggregation to occur.
Moment Relations
We now go on to examine correlations between moments. indicates that simply using M 2 to predict M 3 or M 4 would result in a large amount of scatter. However if temperature imformation is used, power laws for different moments of order n can be found for each temperature interval (T c ).
The exponents (b(n, T c )) and coefficients (a(n, T c )) of these power laws vary monotonically and can be related simply to temperature. In order to allow the estimation of a wide range of non-integer moments we have fitted a two dimensional polynomial to the power law exponents and coefficients as a function of temperature and moment order (see table 2 ). We interpret this difference as arising from the fact that in this study we do not introduce any small particles into the PSD for sizes smaller than 100 µm. The choice of a 100 µm minimum particle size and 1 l −1 minimum concentration leads to a convergence of the moments. If the PSDs were monodisperse we would expect a convergence for M 2 and M 4 at 10 −5 m −1 and 10 −13 m, respectively, which is similar to the convergence seen in fig. 6b . The addition of a small particle component to the PSD will have the effect of moving the point at which the moments converge to much smaller values depending on the assumptions made and change the values of the power law exponents. Our aim here is to reproduce good estimates of measured PSDs and to this end we believe that in this case it is better to introduce no assumptions about the nature of the PSD at sub-100µm
sizes and accept that a contribution from small particles is neglected. However, we can still gauge the importance of the small particle contribution and will consider it in the discussion. After prediction of the PSDs the user can then subsequently modify the PSD to introduce a more realistic small particle contribution.
Given the measured value of M 2 , the measured temperature and the moment required we can now compare moments derived using the power law with the measured values. Figure 8 shows four comparisons of the measured and derived values of
53 . The moment of order 2.53 is of interest as it is proportional to the snow precipitation rate in the Met Office numerical weather model (Wilson and Ballard, 1999) . It can be seen that the derived moments are in good agreement with the measured ones and that the scatter increases with increasing moment order. We have tested whether our filtering of the data using a minimum particle size and concentration will affect the prediction of moments using the power laws derived above, by filtering out PSDs with concentrations 50 times greater than that used in the previous analysis. Although the best fit lines are slightly different the previous relations used to predict other moments are still valid and scatter plots of the predicted versus measured moments are merely a subset of those shown in fig. 8 based on the new filtering applied. Therefore we are confident that the powerlaws can be used to predict other moments.
The variability and hence an estimate of the standard deviation of the fractional error
incurred by using the power laws and temperature to estimate the moments is shown in figure 9 . Figure 9 is similar to the result found by Lee et al. (2004) in that the error associated with estimating moments increases with the absolute difference between the order of the reference moment (in this case, 2) and the predicted moment. The errors here are a combination of the variability within the PSDs and the polynomial fit used to represent the exponents and coefficients of the power laws. The smallest SDFE of 7% is, as expected, for M 2 and should theoretically be zero if there we no error contribution from the polynomial fit to the power laws. Given accurate estimates of M 2 and in-cloud temperature the estimate of the precipitation rate given by M 2.53 has a SDFE of 25%
and radar reflectivity M 4 has an SDFE of 115%. If an estimate of the measured PSD is required then we can combine the relationships between moments described here with the scalable nature of the ice PSDs that is described in the next section.
Scaling of the particle size distribution
For aggregating systems, after the initial particle size distribution has evolved enough to 'forget' the starting conditions it will approach a universal shape (see Westbrook et al. 2004a ,b for more details). The generalised scaling function that can be used to represent the PSD that has evolved during ice crystal aggregation (and droplet coalesence) is given by Lee et al. (2004) for any pair of moments of the PSD.
Where i, j can take any value ≥0 (must be the same for both eq. 4 and 5), and φ ij is the universal function that is scaled to give the observed PSD. The moments of the distribution are given by
where m n = ∞ 0 x n φ ij (x)dx is the n th moment of the universal function. It can be seen that for self consistency when n = i, j then m n = 1. This is a property that the universal function must possess.
The combination of moments prefixing the universal distribution has previously been
) by Illingworth and Blackmann (1999) by about a factor of two.
It can be seen from equation 4 that any pair of moments can be used to re-scale the data to obtain a universal distribution that does not require any assumptions to be made about the form of the universal distribution. Here we show the results of re-scaling the ∼9000 10-s size distributions for three pairs of moments: Using these re-scaled size distributions we present fits to each rescaled distribution using a combination of exponential and gamma distributions φ EG,i,j (x).
where κ 0 , Λ 0 , κ 1 , ν, Λ 1 are the shape parameters. It is shown in the appendix that because of the self consistency criterion required for the universal distribution κ 0 , κ 1 can be found in terms of the other three shape parameters Λ 0 , ν, Λ 1 and so only these three parameters need to be found. We have experimented with generalised gamma functions that only require two shape parameters (e.g. Lee et al. 2004 ) but find that they cannot simultaneously capture both the shoulder feature and the exponential tail of the distribution that theoretical work predicts (Westbrook et al. 2004a,b) .
To obtain Λ 0 , ν, Λ 1 we have chosen many values randomly and select the set that provides the minimum least squares difference between log(φ EG,i,j (x)) and the logarithm of the re-scaled measured PSDs. The results of the fitting exercise are given in table 3 and the graphical solutions can be seen overplotted in figure 11 . A fit from Lee et al. (2004) to drop size distributions using the third and fourth moments is also shown in figure 11d and shows good agreement up to x = 2 with the fit found here for ice PSDs.
For larger sizes the generalised gamma fit decreases more rapidly than the exponential distribution.
We can now test the ability of the universal distribution φ EG,2,3 combined with the power law relations between moments to reproduce the observed PSDs. We have decided to use the second and third moment in combination with the appropriate universal distribution to predict the PSDs. Using too high or too low a moment would emphasise the small or large end of the PSDs which are known to be badly sampled by 2D probes due to probe response time, resolution and sample volume issues. Figure 12 shows some random example distributions selected to show good fits (rows a,b) defined as those PSDs where the difference between the predicted M 3 and measured M 3 was less than 25%.
Mediocre fits (row c) where the ratio between the predicted M 3 and measured M 3 was ∼2. Bad fits (row d)where the ratio between the predicted M 3 and measured M 3 was ∼5. Using predicted PSDs it is possible to make additional assumptions about the small particle population and recompute the moments if so desired, or use the PSDs directly in radiation calculations, for example.
Discussion and conclusions
It has been shown that ice PSDs can be accurately described using knowledge of two moments and the scalable universal distribution. Numerical weather prediction models commonly only predict one moment and so we require a method of estimating a second moment. We have demonstrated that using temperature we can obtain power laws to link a reference moment, in this case the second order moment, to any arbitrary moment.
Thus, moments representing snowfall rate can be directly predicted from the known reference moment and temperature. This approach has the advantage that the shape of the ice PSDs are inherent in the power laws relating the moments. Alternatively, ice PSDs can be predicted and used in radiation codes or assumptions about the small particle population or other particle properties can be applied.
The small particle component of ice PSDs is subject to uncertainty and in this analysis we have decided to ignore the contribution from particles smaller than 100µm.
However, we can still attempt to gauge whether these small particles will be important by looking at the contribution to M 2 that a monodisperse distribution of small particles would make. In figure 13 a contour plot of the contribution to the second moment from small particles is given as a function of small particle size and small particle concentration.
From figure 2 the contribution from small particles would become important if it exceeded 3×10 −4 m −1 . It can be seen that to reach this level the small particles would have to be dominated by 50µm particles at concentrations of 0.1 cm −3 or 20µm particles with concentrations of 1 cm −3 . We would maintain that the contribution from small particles to the second moment will only become important where size distributions are narrow which from this data appears to be at colder temperatures (T<-40C).
While in this study we have dealt with ice PSDs it is interesting to note that the universal distributions found for drop size distributions show a good match to the re-scaled ice PSDs if we use the same moments to scale the data. The agreement of the other overplotted function from Lee et al. (2004) in fig. 10d suggests that it may be possible to ultimately treat the ice and raindrop populations with the same approach. We suggest that the similarlity between the universal distribution found for the ice PSDs and the drop size distributions results from the dominant physical process in the evolution of the size distributions: aggregation and coalescence (e.g. Cardwell et al. 2002 Cardwell et al. ,2003 Field and Heymsfield, 2003; Westbrook et al. 2004a,b) . For both ice crystals and droplets the collection kernel is controlled by differential sedimentation. It is this similarity in the form of the collection kernel that leads to the same universal distribution.
The use of temperature to predict another moment given knowledge of one may be useful for midlatitude weather prediction but may not be a completely satisfactory solution globally or as far as climate prediction is concerned. It remains to be seen whether these power laws will hold for the tropics or convective clouds, however, as pointed out earlier it is encouraging that the TRMM data appears to agree in terms of characteristic size as a function of temperature.
We have examined aircraft mounted 2D probe data from flights carried out in frontal cloud around the British Isles. Analysis of the moments of the ∼9000 10-s size distributions and the particle size distributions themselves revealed the following:
• Probability distributions functions of ice particle size distribution moments M 0,2,4 and characteristic size L 23 , L 24 display monomodal distributions. The spread in characteristic sizes is smaller than that seen for individual moments.
• The concentration of particles larger than 100µm is independent of in-cloud temperature over large scales.
• There is a correlation between characteristic size (L 23 , L 24 ) and temperature. This correlation results in the series of temperature dependent power laws relating moments.
One possible explanation for the good correlation is the action of aggregation as particles fall from colder to warmer temperatures.
• Power law relations between moments of order n and the second moment as a function of temperature have been found. It is possible to combine measured temperature and a measurement of the second moment of a PSD to obtain another moment such as precipitation rate for use in numerical weather models. In addition, PSDs can be estimated from knowledge of the second moment and in-cloud temperature.
The successful re-scaling of the size distributions suggest that two moment schemes can adequately represent ice and raindrop size distributions in mid-latitude stratiform clouds sampled around the UK. We have fitted analytically integrable functions to the re-scaled size distributions to represent the universal distributions.
In this appendix we reduce the number of shape parameters required for the combination of exponential and gamma distributions from five to three by making use of the self consistency constraint. The form of the combined exponential gamma distribution that will be used to model the universal distribution after re-scaling with moments of order i and j is φ EG,i,j (x) = κ 0 exp(−Λ 0 x) + κ 1 x ν exp(−Λ 1 x) (A.1) and the moments of this function are given by
